Summary. A detailed study has been made of the progesterone content of uterine flushings taken from rabbits of different endocrine states. A high content of progesterone was recovered from the uterine lumen of pregnant and pseudopregnant rabbits. The amount of progesterone recovered in the flushings was not simply dependent on the concentration in the plasma, because plasma progesterone concentrations rose before detection of progesterone in the flushings and remained high after uterine progesterone content had fallen. Progesterone did not appear in the uterine fluid unless uterine protein was present. This was particularly evident in rabbits treated with progesterone in which, despite abnormally high plasma concentrations, little progesterone was found in uterine fluid until the protein content increased. After treatment of rabbits with oestrogen at the time of ovulation, uterine progesterone was present in higher amounts concomitant with an elevation of protein content although the peak values of progesterone and protein were delayed by 2\p=n-\3days. Plasma progesterone concentrations of about 5 ng/ml were necessary before progesterone appeared in the uterine lumen.
Introduction
The mammalian uterus may exert considerable control over the development of the embryo at the time of implantation. In all species examined, asynchrony between uterus and embryo leads to reduced rates of embryonic survival (Adams, 1973) , and in many species an obligatory or facultative delay in implantation is evident (Wimsatt, 1975; Aitken, 1977) . It is accepted that the steroid hor¬ mones acting via uterine receptors mediate this control process (O'Grady & Bell, 1977 ; Surani, 1977) .
Attention has concentrated on elucidating the linking mechanisms whereby the effects of the steroidreceptor interaction are transmitted to the embryo. The possibility also exists, however, of a direct effect of steroids on the embryo.
Preliminary reports have indicated that progesterone may be present in the fluid of the uterine lumen in very high concentrations during early pregnancy (Fowler, Johnson, Walters & Pratt, 1976; Cowan, Manes & Hagerman, 1976) . It is possible therefore that a direct effect of steroids on the preimplantation embryo may be a component of the maternal control of embryonic development in some species. Steroids could operate either directly on embryo physiology or be used as a substrate for conversion to other steroids. The preimplantation pig embryo can effect conversion of proges¬ terone to oestrogens , and Dickmann, Dey & Gupta (1975) claim to have detected histochemically some of the enzymes involved in steroid interconversion in a number of other species. It is therefore possible that any oestrogens produced by the embryo from maternal substrates could serve to convey information to oestrogen-binding sites in the corpus luteum , the uterus, or within the embryo itself (Bullock & Bhatt, 1973) . We report here the results of a detailed study of steroid content of uterine flushings taken from rabbits in different endocrine states.
Materials and Methods Animals
The New Zealand White rabbits were virgins (6-9 months old) and were divided into 5 groups.
Those in Group 1 were mated twice to intact bucks ; females in Group 2 were mated twice to vasectomized bucks; 100 i.u. HCG were injected subcutaneously to those in Group 3; does in Group 4 were given daily intramuscular injections of 3 mg progesterone/kg in arachis oil ; and does in Group 5 were given 100 i.u. HCG s.c. followed by two i.m. injections (100 µgeach) of oestradiol benzoate in arachis oil at 6 and 30 h later (Adams, 1973) . For each group, Day 0 was taken to be 12 h after the injection of HCG or mating.
Collection ofsamples
Animals were anaesthetized with sodium pentobarbital (Nembutal: Abbott). Blood samples were withdrawn by cardiac puncture into heparinized syringes, and plasma samples were prepared by centrifugation at 4CC and stored at -40CC. Uterine horns were exposed, clamped at the vaginocervical junction, and 2 ml cold sterile 0-9 % NaCl were injected into each horn at the uterotubal junction and then gently withdrawn. For Group 5, 5 ml NaCl were used for each horn. Samples from each horn of a doe were pooled, centrifuged at 14,000 g for 30 min at 4°C and stored at -40°C. Corpora lutea in each ovary were counted.
Protein estimations
The total protein content of the uterine flushings was estimated by the technique of Lowry, Rosebrough, Farr & Randall (1951) : samples of flushings were applied to a G100 Sephadex column, and the eluted fractions were scanned for protein content. The third peak, which has previously been shown to be 90% or more uteroglobin (Johnson, 1972) Abraham, Buster, Lucas, Corrales & Toller (1972) , with a stationary phase of ethylene glycol. Three fractions were eluted, the first with 3-5 ml iso-octane, the second with 3-5 ml 10% ethyl acetate in iso-octane and the third with 3-5 ml 40% ethyl acetate in iso-octane.
All the antisera used in the assays were kindly supplied by Dr G. E. Abraham. After incubating the purified steroid fraction with the specific antiserum overnight at 4°C, the separation of bound from free steroid was effected by the addition of Dextran-coated charcoal. Triplicate measurements were used to establish the standard curve for each assay and duplicate samples were used to estimate the steroid concentration in uterine flushings and plasma samples. The concentration was calculated by interpolation from the standard curve which took the form of a non-linear asymptotic model which had been fitted to the standard curve by iterative methods (Walters, 1974) . The mean of three blank samples was subtracted from the steroid levels in the sample before correction for recovery, the blanks being < 10 pg in all assays.
The specificity and sensitivity of the antisera used in the present work and the accuracy of the method has been extensively tested by Abraham and his colleagues and was confirmed in the present study. In experiments designed to test the accuracy of the method by adding known quantities of progesterone to 1 ml water samples, the value of measured progesterone did not differ by more than 10-15 % from the expected value. Since only 30 % of the total steroid present in each sample was used in the assay procedure and recovery estimates were between 60 and 80 %, the smallest amount of steroid that could be measured per sample was 0-04 ng for progesterone, oestrone and androstene¬ dione and 003 ng for oestradiol-17ß. The precision of the assay was evaluated by duplicate measure-ments of the assay sample in the same or different assays. The average coefficient of variation ranged from 10-2 to 11 -8 % within assays and from 11 -4 to 14-7 % between assays.
Results
Statistical examination of the temporal pattern of protein and progesterone content of uterine flushings suggested that there were no differences between the pregnant and pseudopregnant animals (Tables 1-3 ). The data for Groups 1,2 and 3 were therefore combined for presentation in Text- fig. 1 . (Table 5 ). The correlation coefficient between uterine progesterone content and plasma progesterone concentration was 0-31 (not significant) whereas the correlation between the uterine content of progesterone and that of protein was highly significant (r = 0-80, < 0001). All correlation coefficients were calculated on logarithmically transformed variables.
Injection of high levels of oestradiol benzoate at 6 and 30 h after LH administration has been reported to change the temporal profile of uterine secretions (Beier, Kiihnel & Petri, 1971 ) and the synchronization requirements of the uterus (Beier, Mootz & Kiihnel, 1972 ; Adams, 1973) . Compared with those of pseudopregnant and pregnant animals (Groups 1, 2 and 3) plasma progesterone (6-98-7-53) 20-94 (9-54-32-35) 10-36(9-65-11-08) 84 concentrations in Group 5 rabbits rose earlier and to higher levels, uterine protein content rose at the same time but reached a later and higher peak, and the initial small rise in amounts of uterine proges¬ terone was followed by a delayed rise to higher levels concomitant with that of the uterine protein in these flushings (Table 6 ). The concentrations of some other steroids were measured in Groups 1 and 4. Plasma oestradiol-17ß values between 1| and 1\ days of gestation were between 10 and 70 pg/ml, and similar to published values (Challis, Davies & Ryan, 1973) , but no oestradiol-17ß or oestrone was found in the uterine flushings of either group. The levels of plasma androstenedione in rabbits treated with exogenous progesterone (Group 4: 0-52 ng/ml) were elevated compared with those of pregnant rabbits (Group 1: 0-03 ng/ml), but the levels of androstenedione in uterine flushings were negligible in both groups. The high levels of plasma androstenedione in Group 4 animals probably resulted from the peripheral conversion of progesterone to androstenedione. Because levels of oestradiol-17ß, oestrone or andro¬ stenedione were evidently negligible in uterine flushings, no further analyses of these steroids was undertaken in Groups 2, 3 or 5.
Discussion
These results demonstrate that large amounts of progesterone may be recovered from the uterine lumen of the progestational rabbit. Assuming a uterine fluid volume of 0-25 ml per horn, the mean peak concentration of progesterone in uterine fluid of pregnant and pseudopregnant rabbits ranged between 44 and 90 ng/ml. Since recovery was undoubtedly not 100% and since uterine fluid volume may be less than 0-25 ml, this calculated concentration of progesterone is likely to be a substantial underestimate. This figure is only slightly lower than our preliminary estimate (138 ng/ml) based on a small series of pseudopregnant rabbits in which the response to HCG was very variable (Fowler et al, 1976) . Only trace amounts of the other steroids assayed were detected in uterine flushings despite appreciable plasma levels of one of these, androstenedione. The amount of progesterone recovered in the flushings did not follow the same pattern as plasma progesterone concentrations; for example, in pregnant and pseudopregnant animals (Groups 1-3) the plasma progesterone concentration rose before the progesterone content of the flushings, and remained high after the uterine content had fallen. The dissociation of uterine and plasma progesterone was particularly marked in the animals given daily progesterone injections (Group 4), in which plasma levels were much higher than those found in pseudopregnancy or pregnancy but uterine levels were lower. The passage of progesterone into the uterine lumen is not, therefore, simply dependent upon the level present in the plasma.
We have previously reported that a minimum of 80% of progesterone recovered in uterine flushings is bound to protein (Fowler et al, 1976) and that the amount of recovered progesterone and protein in uterine flushings were positively correlated. In the more extensive data presented here, it is clear that progesterone does not appear in the uterine fluid unless uterine protein is also present. Not only is this shown in the pregnant and pseudopregnant animals, but it is also particularly evident in progesterone-treated animals (Group 4) in which, despite the abnormally high plasma concentrations, little progesterone was found in uterine fluid until the content of uterine protein increased. In addi¬ tion, in animals given oestrogen at the time of ovulation (Group 5), the peak values for the proges¬ terone and protein content in the flushings were delayed by 2-3 days and both were considerably elevated compared with the values in untreated pseudopregnant rabbits (Group 2). It therefore seems reasonable to conclude that as long as progesterone levels in the plasma are adequate (around 5 ng/ml), the appearance of the steroid in the uterine lumen is in large part regulated by the presence there of progesterone-binding proteins. The only protein from rabbit uterine flushings that has been shown to give quantitatively significant progesterone binding in vitro is uteroglobin (Beato & Baier, 1975) , and it seems probable that the uteroglobin also binds the progesterone in vivo. It has been reported that low levels of uteroglobin and its mRNA are synthesized and secreted under the influence of oestrogens alone, higher levels are synthesized after progesterone injection alone, but maximal synthesis is achieved by a sequential oestrogen and progesterone stimulation (Beato & Arneman, 1975 ; Rahman, Billiar & Little, 1975 ; Beato & Nieto, 1976; Beato, 1977) . In our study, uterine protein levels were also lower with progesterone alone (Group 4), and despite the maintained presence of progesterone in pseudopregnant animals (Groups 2 and 3), uterine protein and uteroglobin levels fell after several days. In contrast, with oestrogen prestimulation (Group 5), the highest amounts of uterine protein were achieved. The oestrogen may act directly on the uterus to stimulate at the transcriptional or translational level, but the delay in occurrence of the peak of uterine protein after oestrogen stimulation might argue against this hypothesis. Alternatively, or in addition, oestrogen might act indirectly by stimulating the secretory activity of the the corpora lutea (Johnson & Murray, 1974 (Beato, 1976) , which is lower than the affinities of progesterone for intracellular endometrial receptors or serum protein carriers (McGuire & Bariso, 1972; Milgrom, Allouch, Alger & Baulieu, 1973) . Another explanation might be that some intermediary transport mechanism, which is dependent on higher progesterone levels than those stimulating uteroglobin secretion, must be activated before progesterone appears in the uterine lumen. It may also be that 20a-dihydroprogesterone competes with progesterone for binding to protein in early pregnancy. The 20ct-dihydroprogesterone concentration is similar to that of progesterone in plasma from pregnant rabbits and even higher in pseudopregnant rabbits (Fuchs & Beling, 1974) . However, since Beato (1976) has shown that the relative affinity of 20a-dihydroprogesterone for uteroglobin is low compared with progesterone this explanation appears unlikely. We are currently investigating these different possibilities.
The functional significance of progesterone in the uterine lumen is not established. Progesterone in high concentrations directly affects the stability of cell membranes (Weissmann, 1972) and may be immunosuppressive (see Carter, 1976) . However, the progesterone concentrations estimated from data presented in this study (44-90 ng/ml uterine fluid) are well below those known to exert an embryotoxic effect (Daniel & Levy, 1964) . The uteroglobin-progesterone complex may exert an endocrine effect on embryonic development or the interaction of the embryo with the uterus. It is possible that uteroglobin acts as a carrier of progesterone from maternal tissue to the embryo. Two reports have suggested that progesterone in the presence of binding proteins stimulates cell division and blastocyst expansion (El-Banna & Daniel, 1972; Roblero & Izquierdo, 1976) , and uteroglobin has been shown to penetrate rabbit blastocysts (Kirchner, 1972) . Pig blastocysts can utilize proges¬ terone as a substrate for oestrogen synthesis and 6-day rabbit blastocysts can synthesize cholesterol and pregnenolone from acetate and undertake certain steroid conversions (Huff & Eik-Ness, 1966) . These observations raise the possibility at least of a steroidal influence by the embryos of some species on uterine receptivity.
